The septum and diencephalon were electrically stimulated with stereotaxically placed bipolar, concentric electrodes in pentobarbital anesthetized rabbits with one kidney acutely denervated. Transient changes (30-60 seconds) in renal blood flow and urine flow were estimated with electromagnetic flowmeters and drop recorders and persistent changes (20-30 minutes) by clearance techniques. Hypothalamic stimulation, particularly in the perifornical region, caused increased blood pressure, reflex bradycardia (blocked by atropine), and intense renal vasoconstriction in the innervated kidney with a latency of about 2 seconds. In the denervated kidney renal blood flow increased with the rise in blood pressure but after 10-15 seconds decreased, possibly in response to catecholamines released from the adrenal glands. Clearance studies during hypothalamic stimulation showed persistent decreases in renal blood flow, glomerular filtration, maximal tubular transport of glucose and paraaminohippurate, and water and electrolyte excretion in the innervated kidney. The parallel decreases in the maximum tubular transport of glucose and glomerular filtration rate suggest nephron closure rather than flow redistribution as the major component of the response. Ventral thalamic and septal stimulation decreased blood pressure and renal blood flow in the denervated kidney to about the same extent. Ventral thalamic stimulation also decreased renal blood flow in the innervated kidney whereas septal stimulation transiently increased renal blood flow, suggesting inhibition of existing sympathetic vasoconstriction (not blocked by atropine). In clearance studies, effects of septal stimulation on the intact kidney (relative to the denervated kidney) were similar to the effects of acute denervation and consistent with redistribution of intrarenal blood flow.
norepinephrine. These stimulus parameters were adopted after considerable initial testing, since they provided stimuli sufficiently above threshold to produce a response, if one was to be obtained, without significant damage or spread of excitation. The fact that moving the electrode tip 1 mm could elicit, alter, or eliminate a blood pressure response suggests minimal spread of effective excitation.
Terminal electrolytic lesions were produced at the site of the final stimulation by passing a current of 3 ma for 15 seconds from a Stoelting lesion maker. The brain was perfused with 10% formalin, removed, and placed in \Q% formalin for further fixation. Frozen sections 40yx thick were mounted and stained with thionin. The exact position of the lesion was noted and other sites of stimulation were corrected accordingly.
When clearances were measured, the contents of the "priming" and sustaining solutions were as reported previously (16) ; the measurements of clearance, maximum tubular absorption of glucose (Tm G ), and maximum tubular secretion of PAH (Tm PAH ), and chemical analyses were done as described by Smith (17) . Para-aminohippurate (PAH) clearance was used as an index of renal plasma flow and creatinine clearance as an estimate of glomerular filtration rate.
Urine from each kidney was collected before (10 minutes), during (10 minutes) and after (10 minutes) each test period, with 5 minutes allowed for dead-space washout between collections. Before and after the test periods, the electrode was in position but no stimulation was applied. Stimulation of the same site on alternate minutes began at the end of urine collection before the test period and 5 minutes prior to the test period and terminated at the end of the test period. A control urine collection was made prior to insertion of the electrode, and insertion per se was without consistent effect.
In some experiments, the effect of stimulation on urine formation was studied using a drop counter as an estimate that produced an electrical signal which was displayed simultaneously on the blood pressure and blood flow chart.
Results

CARDIOVASCULAR RESPONSES
Stimulation was applied to over 900 sites in the cortex, septum, and diencephalon anterior to the mammillary bodies. Some 600 of these were associated with changes in blood pressure exceeding 5 mm Hg. Pressor responses were more frequently (83%) obtained from the medial thalamic nuclei and most of the hypothalamus (Fig. 1) . The mean evoked A composite mapping of loci (triangles) (Fig. 2) . Mean latencies for blood pressure changes were 2 seconds regardless of the direction of change. Administration of atropine slightly augmented the pressor response and reduced the depressor response but the differences were small. The pressor response was associated with progressive bradycardia (Fig. 2) . In 31 observations the heart rate decreased from prestimulation control value of 218 ± 5 beats/min to peak response value of 171 ± 8 beats/min. Administration of atropine blocked the development of the bradycardia. The depressor response was not associated with a significant mean change in heart rate.
CENTRAL LOCI AFFECTING RENAL BLOOD FLOW
Some of the loci of stimulation evoking changes in renal blood flow are mapped in Figure 1 . The cardiovascular pressor (left) and depressor (right) points of stimulation have been further subdivided into two groups: those points of stimulation evoking increased blood flow in the intact kidney (triangles) and those evoking a decrease (inverted triangles). Typical flow responses are shown in Figure 2 .
Renal blood flow in the intact kidney decreased in 80% of the pressor responses and the mean change was -26 ± 1 (SE) ml/min (Fig. 3) . Reduced renal blood flow was most often obtained by stimulation in the hypothalamic and medial thalamic areas. The mean latency of 2 seconds was comparable to that for blood pressure response. Simultaneously measured blood flow in the denervated kidney was invariably increased ( + 1 0 ± l ml/min). In the other 20% of pressor stimuli, renal blood flow in the intact kidney increased. This response occurred most frequently when stimuli were on the peripheral limits of the pressor areas or in the areas more often evoking a depressor response. The increased flow (+ 18 ± 3 ml/min) was accompanied by a comparable or slightly greater increase in blood flow in the denervated kidney (+ 22 ± 4 ml/min). However, in most pressor responses, the blood flow tended to decrease in both kidneys after about 10 seconds of latency. Femoral artery flow did not follow any predictable pattern of change, increasing in 29 of 62 stimuli evoking decreased renal blood flow and in 18 of 27 stimuli evoking increased renal blood flow. In the remainder, femoral artery flow decreased.
When central stimulation decreased blood pressure, blood flow in the intact kidney was decreased in 49 cases and increased in 39. The divergent effects on blood flow were associated with the two different depressor areas (Fig. 1) . Stimulation in the ventral thalamic area usually (81%) decreased blood flow in the intact kidney (-8±1 ml/min) in parallel with a fall in flow in the denervated kidney (-8± 1 ml/min). On the other hand, stimulation in the septal area usually (62%) increased blood flow in the intact kidney ( + 5 ± 1 ml/min) while decreasing blood flow in the denervated kidney (-5 ± 1 ml/min).
Femoral artery flow was estimated on only 17 occasions for both depressor groups and decreased in all but 3 of these.
After injection of atropine or during infusion of norepinephrine, both pressor and depressor stimuli changed blood flow in the intact kidney to about the same extent as they had before drug administration. Norepinephrine infusion appeared to attenuate the response of the denervated kidney to pressor stimulation.
CLEARANCE STUDIES
In five animals with both kidneys intact, unilateral brain stimulation was applied to test for crossover of fibers. During both pressor and depressor responses, regardless of side stimulated, changes in renal function were equally obtainable, and left and right kidneys responded identically. The ratio of left to right kidney function remained within the range of 1.0 ±0.15 and did not significantly differ from unity for urine flow, PAH or creatinine clearances, or Na, K, or osmolal excretion rates. Therefore, the responses in this study were evaluated and based on unilateral stimulation.
Electrical stimulation of the hypothalamus which evoked a pressor response was accompanied by statistically significant reductions (P < 0.05) in all functions observed in the intact kidney. There were no significant changes in function in the denervated kidney ( Table 1 ). The base-line renal blood flow and glomerular filtration rate were similar in both kidneys, however water and electrolyte excretion was higher on the denervated side. Changes in urine flow (using the drop counter as an index) occurred simultaneously with the changes in blood flow.
When ventral thalamic stimulation elicited a depressor response, the only significant changes that occurred were the bilaterally decreased sodium excretion rate (U Na V) and fraction of filtered sodium excreted (C N ./C CT ).
Septal stimulation resulted in a fall in blood pressure comparable to that seen during ventral thalamic stimulation. However, sodium excretion in the intact kidney tended to fDiffer significantly from intact kidney during ventral thalamic stimulation.
increase in distinct contrast to sodium excretion in the contralateral denervated kidney or the intact kidney during ventral thalamic depressor stimulation. For example, the increases in absolute and fractional excretion of sodium were significantly different from the decreases seen in the intact kidney during ventral thalamic stimulation. In five animals (both kidneys intact and urines not separated), Tme and Tmp AH were estimated during diencephalic and septal stimulation ( Table 2) . Hypothalamic pressor stimulation resulted in approximately equal mean decreases in Tmo (-45%) and glomerular filtration rate (-49%) and a lesser fall in TrtipAH (-21%). In three of the five experiments demonstrating parallel reduction in Tm G and glomerular filtration rate, glucose load during stimulation remained higher than control Tm G , i.e., decreased filtered load could not account for the decreased Tmo.
Depressor stimuli had no effect on transport maximums. The difference between septal and ventral thalamic depressor responses with respect to sodium excretion was apparent in these experiments also.
Discussion
The cardiovascular and renal hemodynamic changes evoked by electrical stimulation and the distribution of points of stimulation in rabbits differ slightly from those in the dog and cat (12, (18) (19) (20) (21) (22) (23) . Pressor points appeared to be more frequently encountered throughout the hypothalamus, an area that is comparatively more extensive in rabbits, and depressor points were less often obtained in the hypothalamus. Hypothalamic pressor stimulation gradually decreased heart rate in these rabbits but increases heart rate in dogs and cats (22, 24, 25) . In rabbits the net effect on heart rate seemed to depend on baroreceptorevoked inhibition partially counteracted by accelerator fibers activated by hypothalamic stimulation. Evidence for this statement is threefold: administration of atropine blocked the bradycardia, the bradycardia did not correlate with the rise in blood pressure, and heart rate slowed even further immediately after termination of the brain stimulation. The depressor response evoked from the septum and ventral thalamus was not associated with a significant change in heart rate. Studies on rabbits (26, 27) have indicated interaction between reflex and suprabulbar effects which may result in alteration in the pressure "set point" around which the medullary control of heart rate and peripheral vascular resistance is most responsive. 
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Participation of renal vasoconstrictor fibers in the pressor response has been demonstrated in these studies and previously by others (9-13, 27). Ninomiya et al. (28) have shown variable activation of sympathetic renal nerves on stimulation of different areas of the brain. Similarly in these rabbits, the extent of renal participation varied depending on the brain region stimulated. The pressor response was associated with changes in renal blood flow which ranged from a marked decrease to an increase equal to that seen in the denervated kidney. Vasoconstriction in the femoral vascular beds was less consistent than in the renal bed during the initial 10 seconds of hypothalamic pressor stimulation. There may have been activation of cholinergic vasodilator fibers to muscle (5, 22) , more effective baroreceptor inhibition of sympathetic tone to muscle arterioles (24, 25) , sparser adrenergic central representation of the femoral vascular bed (7, 10), or passive dilation of the femoral vascular bed with rising blood pressure, or some combination of these effects. In confirmation of Uvnas (18), we did not find the marked increases in femoral flow seen by others during hypothalamic stimulation in other species. We also found no evidence for cholinergic vasodilation in the kidney, namely the unaltered response after atropine.
Humoral factors contributed to the cardiovascular responses induced by stimulation of the brain (12, 29) . In these animals the denervated kidney served to differentiate the neural from the extrarenal humoral influences which were delayed by a mean of 11.4 seconds from the onset of stimulation.
Depressor responses, as noted by others (4, 12, 20, 21) , have been obtained by stimulation in the septal and ventral thalamic areas. The sympathoinhibitory nature of the cardiac response to septal stimulation has been documented (20, 21) . Our studies provide direct evidence for inhibition of sympathetic vasoconstrictor tone to the kidney, namely an increase in renal blood flow in the innervated kidney alone during decreased blood pressure, which was unaffected by administration of atropine. This inhibition of renal vasoconstriction was found during the septal depressor response but not during the ventral thalamic depressor response. On the other hand, increased femoral blood flow was seen only during the ventral thalamic depressor response (3 of 15 observations with 3 showing no change), suggesting either sparser central representation or location of inhibition of sympathetic control of the femoral vascular bed in other regions of the brain.
In brief, we have found that neurogenically mediated renal vasoconstriction may be elicited by stimulation in many parts of the hypothalamus of the rabbit and that inhibition of sympathetic renal vasoconstriction may be obtained by stimulation in the septal area. No discrete center for the control of renal blood flow could be demonstrated, but stimulation in the perifornical region of the hypothalamus most consistently decreased renal blood flow markedly. The renal responses to perifornical pressor and septal and ventral thalamic depressor responses have been investigated by clearance techniques.
Regardless of the limitations of these techniques and the protocol of stimulation, the evidence for neurally mediated vasoconstriction, decreased glomerular filtration, and water and electrolyte excretion in innervated kidneys during perifornical stimulation is clear. When both kidneys were intact, the changes were observed bilaterally during unilateral brain stimulation. When one kidney was denervated, that kidney failed to respond directly to brain stimulation and the differences between the two kidneys were statistically significant. Obviously, the renal nerves were essential for kidney participation, although humoral agents or autoregulation, or both, may have modified the response. The latter would, if anything, have minimized the differences between the innervated and denervated kidneys. These hemodynamic results agree with previous reports with respect to the relative role of the humoral component of the response. Wise and Ganong (13) found areas which, when stimulated, increased water and electrolyte excretion without changing blood Circulation Research, Vol. XXX, March 1972 flow or filtration rate. We found no such areas in the hypothalamus, and only sympathethic inhibition was seen in the septum.
The changes in functions in the intact kidney during the pressor response resembled those observed by many investigators during direct electrical stimulation of the renal nerves (30-32). The reductions in function were presumably based largely on complete halt to filtration in a fraction of the nephrons since Tm G and glomerular filtration rate were equally decreased. The filtered load offered to the nephrons during the stimulus remained higher than control Tm G in three of the five experiments and partial reduction of filtration in all nephrons could not have explained the reduction of Tm G and glomerular filtration rate to the same extent. Why Tm PAH decreased less than Tm<> is not clear unless partial shutdown (decreasing filtration but not secretion of PAH) or redistribution of filtration or both also occurred.
The denervated kidney did not show any changes in PAH or creatinine clearances, whereas direct blood flow measurements did show an increase during the pressor response. This discrepancy presumably related to the time of measurement, the direct measurements being for the initial minute of stimulation whereas clearance estimates were not begun until stimulation had been on for 5 minutes. Hence, the lack of delayed effect on renal plasma flow or glomerular filtration rate in the denervated kidney could presumably result from autoregulation or a humoral contribution, or both.
Septal depressor stimulation was associated with inhibition of existing neural tone as indicated by direct blood flow measurements. If the response persisted, a denervation type of diuresis (16) would be expected in the innervated kidney, i.e., an increase in urine flow, Na excretion, and CWC cr compared to the denervated kidney or the innervated kidney during ventral thalamic depressor stimulation. The changes seen were appropriate in direction and statistically significant when denervated-intact ratios for Cx a /C cr were calculated for septal stimulation. Also, sodium excretion and C>n/C C r were significantly greater in the intact kidney during septal stimulation than during ventral thalamic stimulation. These comparisons suggest a persistent decrease in sympathetic tone during the septal depressor response. Ventral thalamic depressor stimulation, on the other hand, affected the intact and denervated kidneys in a similar manner and the effect was more likely secondary to a change in blood pressure (33, 34).
These studies provide no direct evidence for or against intrarenal redistribution of blood flow (16, 35) . They do indicate the difficulty of demonstrating changes in electrolyte excretion independent of vascular effects when the sympathetic supply to the kidney is directly activated in the anesthetized animal (32). Part of the difficulty may be that pentobarbital anesthesia by itself activates those neurally mediated mechanisms for conserving salt that are independent of decreased total glomerular filtration rate (36, 37). Consequently, increased activation of the sympathetic nervous system at the supramedullary or peripheral nerve level (30, 32) will engage vasoconstrictor fibers in sufficient numbers to decrease renal blood flow, glomerular filtration, and sodium excretion. However, inhibition of this anesthesia-induced sympathetic activity can increase sodium excretion without changing glomerular filtration rate, as has been shown by septal stimulation in these experiments and by renal denervation in others (16) ; the mechanism might be cortical redistribution of flow.
